
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 9

:3
0:

06
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of an im
University of Science and Technology of H

Technology, 18 Hoang Quoc Viet, Hanoi, Vi

† Electronic supplementary informa
https://doi.org/10.1039/d4ra08116a

Cite this: RSC Adv., 2025, 15, 2430

Received 15th November 2024
Accepted 25th December 2024

DOI: 10.1039/d4ra08116a

rsc.li/rsc-advances

2430 | RSC Adv., 2025, 15, 2430–24
ine-type nickel complex and
investigation of its electrocatalytic activity for H2

evolution†

Lan H. Le, Ngoc H. Pham, Phong D. Tran and Tung H. To *

We report on the synthesis and characterization of an imine-type nickel complex produced via the

complexation of an in situ generated 2-(iminomethyl)phenol ligand with NiII ion. The use of this complex

as an electrocatalyst for H2 evolution in a DMF solution, with acetic acid as the proton source, was

investigated in detail, employing both experimental analyses (electrochemical analysis, spectroscopy

analysis) and theoretical analysis (plateau current analysis). The overpotential required for H2 evolution is

about 590 mV with a faradaic efficiency of 49% after 3 hours bulk electrolysis, competing with the two-

electron reduction of free-imine groups in the ligand. The maximal TOF was estimated to be about 12

860 s−1 on the basis of a CECE mechanism.
Introduction

In the 21st century, the search for alternative energies to replace
traditional fossil fuels is gaining great attention from scientists,
energy companies, and countries around the world. Among the
potential candidates, hydrogen (H2) is identied as a clean,
renewable energy source and could become a key energy carrier
in the future economy.1,2 However, the production of hydrogen
on a large scale still faces signicant challenges.2,3 From a tech-
nical point of view, the production of green H2 from water elec-
trolysis faces difficulties because of slow kinetics; thus, the
identication of viable catalysts is highly demanded.4 Catalysts
made of noblemetals such as Pt and IrO2 are excellent in terms of
catalytic performance, but their rarity likely limits their use in
industrial H2 production. Hence, an ongoing active research
direction has focused on identifying alternative catalysts that can
be produced using earth-abundant elements.5–11 Inspired by the
natural hydrogenases,12 which efficiently catalyses the reduction
of protons into hydrogen, numerous studies have focused on
designing molecular catalysts using rst-row transition metals
(Fe, Co, and Ni) for catalytic H2 evolution.13–16 Among the nickel-
based molecular catalysts that have been reported, we can
mention several promising candidates such as nickel–polyaza
macrocyclic complexes;17 nickel–polypyridine complexes,16,17

nickel–phosphine complexes17 or nickel–thiolate complexes.17

Although the salen compound, N,N0-ethylenebis(salicylimine), is
one of the well-known ligands in the coordination chemistry,
nickel–salen complexes have not been studied intensively as
anoi, Vietnam Academy of Science and
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catalysts for the H2 evolution reaction.18–23One reason for the lack
of interest in salen-type ligands may be the difficulty in tuning
their structure. For instance, it is possible to (i) add functional
groups (electron withdrawing or electron donating groups); (ii)
use phosphorus or sulfur as the donating groups instead of
oxygen in the traditional salen ligands (N2O2), or (iii) change the
length of the conventional 2-carbon bridging linkage in the salen
structure. In 2016, Zhan et al. reported on the synthesis of
a nickel–diiminodiphosphine complex that catalysed H2 evolu-
tion with moderate turnover frequencies (TOF) of 204 and 1327
per hour in acetonitrile and in an aqueous electrolyte of pH 7,
respectively.22 Robert et al. reported on a nickel complex with an
N2P salen ligand showing a faradaic efficiency (FE) of 85%,
calculated based on 4 hours bulk electrolysis in the presence of
HClO4 acid.18 Regarding the ligandwith sulfur donors, to the best
of our knowledge, no report about this modication is available,
perhaps due to the difficulties in the synthesis of these ligands.
Sulfur groups are considered as the so nucleophilic reagents in
the condensation reaction generating salen compounds, and
they always tend to conduct the cyclization instead of remaining
as free donors such as oxygen or phosphorus groups.24,25

Regarding the linkage alteration, the length of the bridging
ligand has been mainly kept with the traditional 2-carbon
linkage. An alternation of this bridging ligand length was not
popular. In 2020, Liu et al. described a nickel complex with
a ve-coordinate N3O2 salen ligand containing a 3-carbon
linkage.21 However, the amended ligand did not offer an
impressive H2 evolution catalytic activity. Actually, an FE value
of 67% was achieved aer 5 hours bulk electrolysis at −1.60 V
vs. Fc+/0 (with an overpotential of 340 mV).

Recently, we reported the synthesis of cobalt dinuclear
complexes using a “short” salen ligand containing a 1-carbon
linkage. These complexes showed attractive H2 evolution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
activity in DMF solution employing acetic acid as the proton
resource; an overpotential of 470 mV was required and FE of 85–
95% was obtained aer 5 hours bulk electrolysis.26 Herein, we
report the synthesis, structural characterization and investiga-
tion of the catalytic H2 evolution activity of a nickel complex
with a “short” salen ligand.
Experimental

All reagents and solvents were purchased from commercial
sources and used without any additional purication. All reac-
tions were performed in oven-dried glassware. 1H and 13C-NMR
spectra were recorded in a deuterated solvent (dimethyl sulf-
oxide DMSO-d6) on Bruker Avance Neo 600 spectrometers (600
and 150 MHz, respectively). Chemical shis are reported in
parts per million (ppm) from tetramethylsilane (TMS) with the
solvent resonance as an internal standard. Splitting patterns are
designated as “s, d, t, q, and m” to indicate “singlet, doublet,
triplet and multiplet”, respectively. UV-vis spectra were recor-
ded on an Agilent Cary 3500 compact instrument using a 1 cm
quartz cuvette. Samples were prepared in the DMF solution.
Raman spectra were recorded on a HORIBA LabRAM HR
Evolution Raman Microscope in the region from 100 to
3000 cm−1, using a 532 nm diode laser with a 0.1% lter.
Fourier-transform infrared spectroscopy measurements were
conducted on a Thermo Scientic Nicolet iS50 spectrometer in
the region from 525 to 4000 cm−1 using the Attenuated Total
Reection (ATR) mode. Powder samples were used for the
Raman and IR measurements. Elemental analysis was carried
out using the Flash 2000 (ThermoFisher) equipment. ICP-MS
was measured using the Thermo Scientic iCAP RQ, and cali-
bration curves were established for the concentration range
relevant to the samples.

The pre-ligand N,N0-bis(salicylidene)-phenylmethanediamine
(M) was prepared following the procedure described in our
previous study.26
Synthesis of [NiL]

10 mL ethanolic solution of NiCl2$6H2O (1.44 g; 6.06 mmol; 1.0
eq. mol) was added dropwise into 15 mL of suspension in
ethanol containing the pre-ligand M (2.0 g; 6.06 mmol; 1.0 eq.
mol) and triethylamine (6 mL). The orange precipitate appeared
aer 30 minutes and the reaction mixture was stirred continu-
ously at the ambient temperature for 7 hours. The product was
ltered and washed with ethanol, diethyl ether and acetone :
dichloromethane mixture (1 : 1/v/v), and then dried in vacuo to
obtain the orange powder (1.44 g; 77%).

1H-NMR (600 MHz, DMSO-d6) d 8.56 (s, 2H, –NH); 7.76 (d, J=
11.7 Hz, 2H, –CH]NH); 7.32 (dd, J = 7.8, 1.9 Hz, 2H, Har); 7.14
(ddd, J = 8.6, 6.9, 1.8 Hz, 2H, Har); 6.66 (d, J = 8.5 Hz, 2H, Har);
6.54–6.48 (m, 2H, Har).

13C-NMR (151 MHz, DMSO-d6) d 164.53; 162.86; 133.39;
133.27; 120.59; 120.20; 114.41.

Elemental analysis. Calculated C14H12N2O2Ni: C 56.25, H
4.05, N 9.37; found C 55.87, H 4.11, N 8.88 (%)

ICP-MS. Calculated C14H12N2O2Ni: Ni 19.63; found 20.00 (%)
© 2025 The Author(s). Published by the Royal Society of Chemistry
Electrochemistry. Cyclic voltammograms were recorded
using an AutoLab potentiostat and a conventional three-
electrode setup consisting of a glassy carbon working elec-
trode (working surface area = 0.071 cm2), a platinum wire
counter electrode and an Ag/AgCl (KCl 3 M) reference electrode.
Ferrocene was used as an internal standard with E°(Fc+/0) =

0.53 V vs. Ag/AgCl. All studies were performed in deoxygenated
DMF containing 0.1 M tetrabutylammonium tetrauoroborate
(TBATFB) as the supporting electrolyte.

Controlled-potential electrolysis (CPE) in organic media was
conducted using an air-tight glass double compartment cell
wherein two compartments were separated by a frit. The
working compartment was tted with a graphite electrode
(working surface area = 2.0 cm2) and an Ag/AgCl reference
electrode. The auxiliary compartment was tted with a Pt
counter electrode. Bulk electrolysis solutions were purged with
N2 gas for 1 hour to eliminate the dissolved O2.

H2 production was quantied by gas chromatography. The
gaseous product was manually sampled and analysed using
a PerkinElmer Clarus 690 gas chromatographer. The analysis
setup represented a 5 min method with 100 °C injection,
nitrogen gas ow was 12 mL min−1, Restek ShinCarbon ST
Micropacked GC Column and Thermal Conductivity Detector
(TCD) was set at 200 °C and −40 mA current.

Results and discussion
Synthesis and characterization of NiL complex

The nickel complex (NiL) was prepared via a one-step reaction
consisting of equimolar amounts of nickel(II) chloride and pre-
ligand (M) in the presence of triethylamine. The reaction was
kept overnight, the reaction completion was monitored by TLC.
The crude compound was obtained in the form of an orange
powder, which was then collected by ltration, washed inten-
sively with ethanol, diethyl ether and an acetone–dichloro-
methane mixture to obtain the pure orange complex (NiL)
(Scheme 1). The formation of the product was conrmed by
physical spectroscopic analyses. In the 1H-NMR spectrum, the
decomposition of pre-ligand (M) could be observed obviously
throughout the lack of aromatic proton signals when the –

CHC6H5 group at the salen-ligand bridge was removed
(Fig. S1a†). The –NH protons of the imine group showed broad
singlet peaks at 8.56 ppm whereas –CH– protons showed peaks
at 7.77 ppm appearing in the doublet multiplicity. With the
coupling constant J = 12.0 Hz, we could also determine the
conguration of the –CH]NH group, which is in the cis form.
In the 13C-NMR spectrum, the resonance signals of imine
carbon atoms were still at 164.5 ppm. However, there was
a slight shi from 160.0 ppm to nearly 162.8 ppm for the carbon
atoms in the aromatic ring, which were bonded to the oxygen
atoms. This change was attributed to the inuence of the Ni
metal center, which reduced the electron density around the
carbon atom, causing the resonance signal shi to the down-
eld region. Besides that, the signal of N–C–N bridging carbon
initially found at 89.5 ppm in the free pre-ligand, disappeared in
the NiL complex together with the absence of 6 other aromatic
carbon signals. These observations further conrmed the
RSC Adv., 2025, 15, 2430–2436 | 2431
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Scheme 1 Synthesis of complex NiL.
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View Article Online
decomposition of the salen ligand to imine compound during
the reaction with NiII ion (Fig. S1b†). The formation of this
imine complex was indicated more clearly on the basis of
infrared spectrum analysis. The appearance of the vibration at
3303 cm−1 characterized the stretching vibration of the –NH
group. The vibration of the C]NH imine group was indicated at
1614 cm−1 having no difference in comparison to that on the
ligand (1615 cm−1) (Fig. S2†). The full Raman spectra of the
ligand and the (NiL) complex showed several similarities.
Especially, two bands found at 448 cm−1 and 482 cm−1 were
attributed to the Ni–O stretching vibration (Fig. S3†). This
evidence reinforced the formation of the Ni–O bond in the
complex structure.

NiL complex was also investigated by the molecular
absorption spectroscopy (Fig. 1). The p to p* intra-ligand
transitions of the aromatic system and the imine group –

CH]N in the complex were observed at 266 nm and 323 nm,
respectively.27 There was a shoulder at 337 nm with a molar
absorptivity of 9028 L mol−1 cm−1, which was assigned to the
charge–transfer transition in the nickel(II) Schiff-base
complex.27 In the NiCl2 precursor spectrum, the d–d transition
of nickel could be observed at 408 nm with a low molar
absorptivity of 14 L mol−1 cm−1. However, this d–d transition
changed to metal-to-ligand charge transfer in the NiL complex
as a signicantly greater molar absorptivity (5245 Lmol−1 cm−1)
Fig. 1 UV-vis spectra recorded for NiL complex, Ni-precursor and the
free ligand dissolved in DMF solution.

2432 | RSC Adv., 2025, 15, 2430–2436
was determined (Fig. 1, zone 2).27 In our previous study, we
indicated that when the imine groups participated in the
complexation with cobalt ions, the absorption peak of the
ligand at 321 nm (p to p* transition of imine groups) experi-
enced a red-shi to a higher wavelength (e.g. 378 and 400 nm).26

However, in the case of the nickel complex, when compared
with previous nickel Schiff-base complexes, this transition still
remained at the same wavelength.27

The eventual chemical decomposition of the NiL complex
was investigated in the presence of two acidic environments:
acetic acid AA (pKa of 13.5 in DMF) and triuoroacetic acid TFA
(pKa of 6.0 in DMF) (Fig. 2). In the case of a weaker acid, the
absorption peak was intact when increasing the amount of acid
up to 70 equivalent moles suggesting that the complex was
stable in this acidic environment (Fig. 2a and b).

In the shape contrast, when the TFA proton source was
added, the complex solution gradually lost its colour (Fig. 2c
and S4a†). When 1 or 2 molars equivalent of TFA was added, the
NiL compound could be protonated, but this protonation did
not decompose the complex. Indeed, unchanged UV-vis spectra
were recorded (Fig. 2d). However, adding up to 4 equivalent
molars of TFA caused the complete degradation of the NiL
Fig. 2 UV-vis spectra recorded for NiL complex dissolved in DMF in
the presence of acetic acid (a and b) and trifluoroacetic acid (c and d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complex, releasing the free ligand and nickel triuoroacetate
salt (Fig. 2d). As a result, the MLCT band completely dis-
appeared and the absorption spectrum of the initial ligand re-
appeared (Fig. S4b†). Finally, the elemental analysis and ICP-
MS analysis showed the similarity between the calculated and
actually found elemental composition, thereby further con-
rming the complex structure.
Fig. 4 Cyclic voltammograms recorded on a glassy carbon electrode
for a 1 mM solution of NiL in DMF with the increasing amount of acetic
acid added (a) and (b) shows the cyclic voltammograms recorded
when adding a low concentration of acetic acid. The potential scan
rate was 50 mV s−1.
Electrochemical properties and electrocatalytic H2 evolution
activity

The electrochemical properties of the NiL complex were rst
investigated in an organic electrolyte, namely the DMF solvent
containing 0.1 M TBATFB as the electrolyte support. Molar
concentration of this compound was prepared at 1 mM. Cyclic
voltammograms were recorded on a glassy carbon electrode
with the potential scan rate of 50 mV s−1 (Fig. 3).

A quasi-reversible redox event at E1/2 of −2.06 V vs. Fc+/0 with
peak-to-peak separation DE of 62 mV was observed, which was
assigned to the NiII/NiI redox couple. In comparison to the NiCl2
precursor, the NiL complex displayed the NiII/NiI redox couple
at more cathodic potential (−2.10 V versus −1.73 V vs. Fc+/0)
(Fig. S5†). This change could be explained by the fact that the
electron donation of L ligand enriched the electron density in
the NiII center within the NiL complex, hence the reduction of
NiL required a more cathodic potential. Additionally, there is
a small reduction shoulder at −1.96 V vs. Fc+/0, which was
attributed to the reduction of free-imine groups within the NiL
compound.28–30

We then investigated the electrocatalytic H2 evolution activ-
ities of the NiL complex in the same DMF electrolyte solution in
the presence of acetic acid (AA) as the proton source. It can be
seen that with the sequent increase of AA concentration (from
0.0 to 50.0 mM), a catalytic wave emerged at a mid-wave
potential E+

cat of −2.05 V vs. Fc+/0 (Fig. 4a). This potential is
close to that found for the NiII/NiI redox couple in the absence of
proton source (Fig. 3). It suggests that the reduced NiI inter-
mediate could involve in the catalysis of H2 evolution. We note
that this intermediate was usually found for nickel complexes
such as nickel–salen;31 nickel–thiosemicarbazone;32 nickel–
pyridylthiolate33 or nickel–thioether.34 It is noted that when
adding 1 equivalence of acetic acid into the complex solution,
Fig. 3 Cyclic voltammograms recorded on a stationary glassy carbon
electrode for the 1 mM NiL in DMF solution. The potential scan rate
was 50 mV s−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the reduction peak shied toward the less cathodic potential
(Fig. 4b). This phenomenon implies that the reduction of NiII

center within the NiL complex required lower reducing energy
in the presence of a proton.

It can be explained that the protonation rst occurred at the
imine groups leading to the delocalization of electrons in the
conjugated system, which decreased the electron density in the
NiII center and therefore shied its reduction to lower reducing
potential (Scheme 2). In other words, the H2 evolution occurred
on the NiL catalyst via a CE mechanism wherein C implied the
chemical step and E implied the electron-transfer step. We note
that the CE mechanism has been evoked for other nickel
complexes, such as nickel–pyridylthiolate complex33 or nickel–
pyridino diquinoline complex35

To ensure that the proton reduction producing H2 occurred
by catalytic activities of homogeneous NiL complex dissolved in
solution but not its eventual decomposition products, the “rinse
test” being the control experiment was carried out. The glassy
carbon electrode, used for recording cyclic voltammograms of
a solution containing 1 mM catalyst NiL and 50 mM AA, was
taken out and washed intensively with DMF solvent. The elec-
trode was then immersed in a new DMF solution containing
50 mM AA without catalyst NiL. A negligible cathodic current
was recorded. This result demonstrated the non-catalytic char-
acter of the glassy carbon electrode aer being used for the
catalysis assay of the NiL complex. In other words, no catalyti-
cally active deposit was produced from the NiL solution during
the H2 evolution catalytic assay (Fig. S6†). Hence, the catalytic
H2 evolution activity was solely generated by the NiL homoge-
neous catalyst but not its decomposition product. This result is
quite consistent with most previous studies reporting on the
stability of nickel complexes under electrochemical reduction
conditions. It is noted that under the electrochemical oxidation
Scheme 2 Electron delocalization in the NiL complex induced by the
protonation.

RSC Adv., 2025, 15, 2430–2436 | 2433
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conditions, the electro-decomposition of nickel complexes such
as the Ni–marcoaza complex could occur to produce NiOx.36,37

To further evidence the stability of the NiL complex during
the catalytic H2 evolution, its solution with acetic acid added
aer each potential polarization, namely aer recording each
cyclic voltammogram, was sampled and analyzed by UV-vis
absorption spectroscopy. No noticeable change was observed
which clearly evidenced the remaining NiL structure during the
H2 evolution catalysis (Fig. 5).

Bulk electrolysis was then conducted at a constant potential
of −2.05 V vs. Fc+/0 using a DMF electrolyte solution containing
1 mM catalyst NiL, 50 mM acetic acid and 0.1 M TBATFB elec-
trolyte support. The working electrode was a graphite electrode
with a working area of 2 cm2. H2 gas produced was quantied
employing a gas chromatography analysis. Aer a 3 hours
electrolysis experiment, faradaic efficiency was deduced to be
49% for the catalyst NiL. (Fig. S7†). This result could be
explained by the competitive 2-electron reduction of the free-
imine moiety in the presence of a proton source. This
phenomenon has been reported in previous studies when the
reduction of imine functional groups was investigated and
developed by using electrochemical methods.28–30 Additionally,
under longer catalysis operation time, the catalyst tended to be
decomposed and deposited on the surface of the working
electrode. The deposit of nickel was evidenced by the ICP-MS
analysis. However, the amount of Ni metal deposited on the
electrode's surface only accounted for about 9% of the total
amount of NiL catalyst used. This decomposition could be
understandable because the structure of NiL lacks the coordi-
nation bonds of the imine group, which were usually found in
the conventional salen complexes. Such a lack of coordination
bond caused the degradation of the NiL catalyst when it was
operated under harsh conditions.

To appreciate an H2-evolution catalyst and compare its
performance with other catalysts, the overpotential (h) is a key
parameter, which is dened as the difference between the
equilibrium potential (or thermodynamic potential) of the HA/
H2 couple and the catalytic potential required to generate
a specic catalytic current. In the case of molecular catalysts,
the catalytic potential is usually determined from the half-
catalytic-wave potential, and therefore dened as Ecat/2.38
Fig. 5 UV-vis spectra recorded for the solution containing NiL
complex and acetic acid after being conditioned under the catalytic H2

evolution conditions.

2434 | RSC Adv., 2025, 15, 2430–2436
Herein, the overpotential required for H2 evolution when using
NiL catalysts in DMF solution was determined at the half-way
potential in the presence of 50 mM of acetic acid. Under such
a working condition, the thermodynamic reduction potential of
the acetic acid in DMF E°(HA;H2) can be estimated by the
equation proposed by Artero and colleagues,39 presenting the E
°(HA; H2) value of −1.46 V vs. Fc+/0 (see ESI†). Thus, the over-
potential required for the H2 evolution using NiL catalyst was
590 mV (Fig. S8†). In comparison with the nickel–salen-
modied complex containing 3-carbon linkage, which was re-
ported by Liu et al.,21 the current NiL complex required a higher
overpotential (of around 190 mV) when employing the same
acetic acid as the proton source. However, we note that these
two complexes were investigated in two different solvents,
namely the acetonitrile for nickel–salen-modied complex and
the DMF for NiL complex. Compared with other nickel Schiff-
base complexes (without the 2-carbon linkage in the struc-
ture),40 the currentNiL complex showed similar catalytic activity
when the difference between the two overpotential values was
just 30 mV (560 mV vs. 590 mV) in the presence of acetic acid.
Kinetic analysis and determination of rate constant

We then studied the kinetics of H2 evolution using the NiL
catalyst. Firstly, the order of catalyst concentration was exam-
ined by varying the catalyst concentration from 1.0 to 3.0 mM
while using the same solution of 70 mM acetic acid. The cata-
lytic rates were recorded by cyclic voltammetry, with potential
scan rates varying from 50 mV s−1 to 1000 mV s−1.

In this case, the concentration of acetic acid was largely in
excess to ensure that there was no substrate depletion at the
electrode when the catalytic operation was carried out. Fig. 6a
shows the evolution of maximum catalytic current at different
potential scan rates as a function of the catalyst concentration.
From the observation of linear dependence could deduce the
rst order of the NiL catalyst. Besides that, the ratio of the
catalytic current to the peak current displayed the same linear
dependence on the acid concentration up to 150 mM, indi-
cating a second-order dependence of the catalytic rate on the
acid substrate (Fig. 6b).31,41 The performance of catalyst could be
greatly inuenced by the diffusion rate to the electrode surface
at a given potential scan rate. By using the Randle–Sevcik
equation, the cathodic peak current was plotted against the
Fig. 6 Plot of icat1/2 (half-way catalytic current) in the function of the
concentration of NiL complex at different potential scan rates in the
presence of 7 0 mM acetic acid as the proton source (a). A plot of icat/ip
as a function of acetic acid concentration while using 1 mM NiL, the
potential scan rate of 50 mV s−1 (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 kcat extracted from PCA in various concentrations of acetic
acid.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 9

:3
0:

06
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
square root of the scan rates. From the slope of the linear
plotting, the diffusion coefficient (D) value of the NiL complex
was deduced to be 1.14 × 10−5 cm2 s−1 (see ESI Fig. S9†).

To determine the kinetic parameters, the mechanistic
pathway for HER needs to be proposed rst. As aforementioned
in the potential polarization curve analysis, the rst step of H2

evolution catalysis was assigned for the protonation of NiL
complex (denoted hereaer as C for the chemical step) and this
intermediate underwent one-electron reduction to obtain the
NiI species (denoted hereaer as E for the electron-transfer
step).

This NiI complex experienced the second CE process result-
ing in the evolution of the H2 molecule.42–46 In other words, the
H2 evolution occurred on the NiL catalyst via a CECE mecha-
nism (Scheme 3). Although the CECE mechanism is not as
popular as the ECEC one, CECE was evoked for some nickel
molecular catalysts.31,33,35 Based on the above catalytic pathway,
there are two approaches commonly used for the estimation of
catalytic rate constant and maximal turnover frequency
(TOFmax), foot-of-the-wave analysis (FOWA) and plateau current
analysis (PCA). Despite benets when investigating electro-
catalysts under the non-pure kinetic condition47 (or S-shaped
catalytic wave), Grapperhaus indicated that FOWA was not
suitable for the complexes involving the initial protonation step
in the HERmechanism (CECE or CCEE).41 PCA was suggested as
an alternative method when studying the kinetics of the cata-
lytic operation. One drawback of this calculation is the absence
of a perfect S-shaped catalytic wave, however, it is still useful for
the preliminary assignment of the catalytic performance.

For such a CECE mechanism, the relationship between the
rate constant and the ratio of the catalytic current over the peak
current is described by eqn (1) (ref. 41) wherein icat is the
catalytic current (mA), ip is the cathodic peak current (mA), R =

8.314 J mol−1 K, T = 299 K, F = 96 485 C mol−1, n is scan rate (V
s−1), and kobs = kcat[H

+]2 (s−1).

icat

ip
¼ n

0:4463
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTkobs

Fn

r
(1)

To decrease the restriction of substrate consumption (acetic
acid), we expanded the quantity of the acid concentration to
150 mM to ensure that icat was not limited by substrate diffu-
sion. It means that the catalytic wave could achieve zone KD.47,48

The calculation of kobs values and corresponding kcat values are
shown in Table S1.† The changing trend of catalytic rate
constants can be observed clearly in Fig. 7.
Scheme 3 CECE mechanism proposed for the H2 evolution on NiL
catalyst (wherein [NiI] and [NiII] represented the active sites).

© 2025 The Author(s). Published by the Royal Society of Chemistry
At lower concentrations of the H+ substrate, there is
a competition between the consumption of the H+ substrate by
the rate-determining step and the diffusion of new H+ substrate
to the electrode. The depletion of the acid led to a high rate of
catalysis. With the concentration of acetic acid over 100 mM,
the rate constant values attained the plateau, implying that the
catalyst operates under the condition of no substrate
consumption (reached zone KD). In other words, the catalyst
has gradually approached the “pure kinetic” zone, so the reac-
tion rate has slowed down and reached an average catalytic rate
constant of about 12 860 M2− s−1. Therefore, the TOFmax value
approximates kcat[AA]

2 and could be extrapolated to be 12 860
s−1 for 1 M acetic acid concentration.

Conclusions

To conclude, an unusual imine-type nickel complex (NiL) was
prepared. The product was generated by the complexation of
nickel salt with the in situ formed L ligand (L is 2-(iminomethyl)
phenol). The structure of the NiL complex was determined by
physical methods (NMR; IR; Raman; UV-vis and elemental
analysis). In a DMF electrolyte solution, using this NiL complex
as an electrocatalyst and in the presence acetic acid as a proton
source, the catalytic H2 evolution emerged at potential close to
that of NiII/NiI reduction. Bulk electrolysis at −2.05 V vs. Fc+/0

produced H2 gas with a faradaic yield of 49%. Non-unity fara-
daic yield was due to the competition between the catalytic H+

reduction generating H2 and the 2-electron reduction of the
free-imine group in the L ligand. Based on the proposed CECE
mechanism for the H2 evolution, theoretical PCA analysis
allowed quantifying the rate constants and maximal turnover
frequency of NiL catalyst; with 1 M acetic acid, TOFmax was
estimated to be about 12 860 s−1.
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